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ABSTRACT 

 

Recently, a series of full-scale fire tests were conducted in the NRC ten-storey tower facility 

during which corridors on the fire floor and the stair shaft were filled with smoke.  These 

tests were part of a project with government and private sector organizations to investigate 

the use of positive pressure ventilation to vent smoke from high rise buildings.  In this paper, 

the results of the initial stage of fire tests using typical residential furniture (sofas and beds) 

are discussed including the impact of various parameters on smoke movement in the egress 

routes.  In addition, the experimental data is compared to the results determined using 

network and multi-compartment zone models. 

 

INTRODUCTION 

 

The importance of understanding smoke movement in multi-storey buildings and multi-

compartment buildings is well recognised.  In a review of fire experience in the USA 

between 1987 and 1991 [1], it was shown that for most property classes, with the exception 

of those that care for the sick, there was a high probability of smoke damage beyond the 

room of fire origin.  For high-rise apartment buildings, smoke damage was limited to the 

room of fire origin for 61.5% of fires and beyond the room of fire origin but confined to the 

floor of origin for 25.2% of fires,  There was smoke damage beyond the floor of fire origin 

for 13.3% of fires.  The comparable statistics for apartment buildings of all heights were 

49.5%, 21.1% and 29.3%, respectively. 

 

The potential hazard associated with the smoke produced by a fire entering building egress 

routes was demonstrated in three fires in high-rise apartment buildings in Ottawa and 

Toronto [2,3, 4].  A fire in a 20 storey residential building in Ottawa in 1983 resulted in three 

deaths and one person permanently injured [2].  In addition, a family of six was found 

unconscious in a stairwell.  A fire in Toronto in a 30 storey high-rise apartment building in 

1995 resulted in six deaths [4].  The fully-developed fire was in an apartment on the fifth 

floor of the building and the door between the fire compartment and the building corridor 

was left open by the occupant.  All the deaths occurred in the stair shafts well away from the 

fire area.  In the second fire incident in Ottawa in 1997 [3], the fire started in the entrance 

closet of an apartment on the sixth floor of a 25-storey apartment building and rapidly spread 

through the apartment door into the corridor.  The fire department was on the scene within 5 

min of the 911 call and extinguished the fire 10 min later.  Shortly after the fire department 

arrived on the scene, occupants were instructed to evacuate the building.  All occupants of 

the fire floor and the floor above that attempted to evacuate encountered smoke conditions in 

the corridors and stair shafts.  Only 54% of these people managed to reach the ground level.  

The remaining 46% either returned to their apartments or sought refuge in other apartments. 



 

There have been limited investigations on smoke movement in multi-storey buildings [5,6].  

The difficulties in modelling smoke spread in a multi-storey building were demonstrated by 

He and Beck [7].  In particular, there is limited full-scale test data for use in verifying 

numerical models for smoke movement in stair shafts. 

 

Recently, a series of full-scale fire tests were conducted in a ten-storey tower facility during 

which corridors on the fire floor and the stair shaft were filled with smoke.  These tests were 

part of a project with government and private sector organizations to investigate the use of 

positive pressure ventilation (PPV) to vent smoke from high rise buildings.  PPV is achieved 

by blowing air into a building using fans.  When appropriate openings or vents are used, the 

airflow produced by the fan exhausts contaminants to the outside.   

 

In this paper, the results of the initial stage of the fire tests with typical residential furniture 

(sofas and beds) are discussed.  During this stage of the test, the smoke from the fires was 

allowed to fill the egress routes in the test facility.  The impact of various parameters on 

smoke movement in the egress routes is discussed.  In addition, the experimental data is 

compared to the results produced by a multi-compartment zone model. 

 

TEST ARRANGEMENT 

 

Test Facility  

 

The ten-storey tower facility was designed to represent conditions of a high rise building.  

This facility has been used extensively for studies on smoke movement [5, 6] and smoke 

control systems [8, 9].  The 10-storey facility includes an experimental tower and an attached 

service area (Figure 1).  The typical floor height is 2.4 m except for the first and second 

floors, which are 3.6 m high. 

 

The experimental tower contains all the shafts and other features necessary to simulate air 

and smoke movement patterns in a typical multi-storey building, including the elevator, stair, 

smoke exhaust, service, supply and return air shafts.  The elevator and stair shafts are full-

sized, but the elevator shaft has no car or hoisting apparatus.  The stair shaft is equipped with 

a standard staircase.  A surrounding corridor isolates the shafts from the exterior walls, 

creating a typical centre core.  All joints in the concrete structure are sealed to minimize 

uncontrolled air leakage.  On the exterior walls and walls of vertical shafts, there are variable 

openings that can be adjusted to provide desired leakage areas of typical buildings. 

 

For the tests in this project, a test arrangement similar to that of previous smoke movement 

studies was used [5,6].  In the test arrangement (Figure 1), the fire was located in a 3.9 m by 

9 m compartment on the fire floor.  The smoke produced during the fire was allowed to flow 

into a 30 m long corridor on the test floor and subsequently into the stairwell through known 

leakage areas including, in some tests, an open door.   

 

Leakage openings included:  two 134 by 279 mm openings between the corridor and the 

exterior of the building on each floor; two 146 mm diameter openings between the fire floor 

and the floor below; and a 132 mm by 132 mm opening between the stair shaft and the 

corridor on each floor.  All the openings into the other building shafts in the centre core and 

between floors above the fire floor were closed. 



Measurements included temperatures, pressures, CO and CO2 concentrations and smoke 

levels at various locations in the tower facility.  The location of the instrumentation was as 

follows: 

 

1. Thermocouples in the fire compartment. 

2. A thermocouple tree in the North corridor on the seventh floor with the thermocouples 

located 400, 800, 1200, 1700 and 2000 mm below the ceiling. 

3. A thermocouple tree in the doorway into the stairwell (the thermocouples were 400, 800, 

1200, 1700 and 2000 mm below the ceiling on the seventh floor and 75, 482, 914, 1372 

and 1702 mm from the top of the doorway on the second floor). 

4. Thermocouples at the centre of the stairwell on all floors (the thermocouple location was 

at mid-height between the designated floor and the floor above). 

5. Gas sampling inlets in the stairwell at the same location as the thermocouples on Floors 

2, 4, 6, 8 and 10 for CO/CO2 analyzers.   

6. Smoke obscuration devices at the 1.5 m height above the landing area on Floors 2, 4, 6, 

10 and in the corridor on Floor 8. 

 

For the PPV study, tests were conducted using the following fire sources:  1 MW propane 

burner fires  and sofa fires on the second floor; sprinklered heptane pan fires and bed fires on 

the seventh floor.  For this paper, only the results from the sofa and bed tests are discussed. 

 

Tests were conducted in both the winter and the summer to investigate the impact of stack 

effect on smoke movement.  The other primary parameter was the time at which the exterior 

stairwell door and the door on the fire floor was opened.  Also, in one test scenario the 

stairwell door on the eigth floor was left open throughout the test.   

 

Fire Source 

 

Seven identical new sofas and mattress and box spring sets were purchased for the test 

program.  A preliminary calorimeter test was conducted with each furnishing item to 

determine its heat release rate.  The heat release rates are shown in Figure 2.  The ignition 

source was lit at 1 min. 

 

A propane T-burner was used as the ignition source.  This ignition source and its heat release 

(25 kW) were typical of that used for furniture calorimeter tests [10].  For the tests with the 

sofa, the ignition source was located at the corner formed by the seat, the arm and back of the 

sofa.  The throw pillow that came with the sofa was placed above the burner. 

 

For the mattress tests, the mattress and box spring was raised 200 mm above the floor using 

concrete blocks.  The ignition source was centred on one side of the bed with the burner at 

the base of the box spring. 

 

For each furnishing item, three tests were conducted in the summer and the winter using the 

following test scenarios: 

 

1. Scenario 1.  The stair shaft door on the fire floor was opened three minutes after ignition.  

This simulated an occupant leaving the building and the door not closing properly.  The 

exterior stair shaft door was opened at 8 min simulating arrival of the fire department.  At 

10 min, a vent was opened at the top of the stair shaft and positive ventilation initiated. 



2. Scenario 2.  The stair shaft door on the fire floor was opened three minutes after ignition.  

The exterior stair shaft door was opened at 8 min.  At 10 min, vents were opened at the 

top of the stair shaft and in the exterior wall of the East corridor on the fire floor.  

Positive pressure ventilation was initiated.  The stair shaft door on the eight floor was 

open throughout the test.  

3. Scenario 3.  The stair shaft door on the fire floor remained closed during the initial stages 

of the test.  At 8 min, the ground floor door was opened.  At 10 min, the stairwell door 

and the vent in the East corridor on the fire floor were opened and positive pressure 

ventilation initiated. 

 

Combustion air for the fire was provided through the leakage openings in the building walls 

and in the later stages of the test through the open exterior door via the stair shaft and the 

corridor.  

 

FIRE TEST RESULTS 

 

The heat release rates for the sofa and bed are shown in Figure 2.  These heat release rates 

were measured in an open calorimeter.  Since the ventilation to the fire compartment was 

limited in the tests in the ten-storey facility, the heat release rates in the latter tests would be 

lower.  However, based on video records, the fire development and time duration of the fires 

in the tower facility were comparable to the free-burn test.  In this section, the results for tests 

with the sofa on the second floor and bed on the seventh floor with warm weather conditions 

and Scenario 1 are discussed.  Although the results are for specific tests, it was determined 

during the test program that the smoke movement in the stair shaft was consistent for tests 

with similar test conditions and scenarios. 

 

Sofa Fire 

 

The results for a test with a sofa are shown in Figures 3-5.  The propane burner was ignited at 

2 min.  Test Scenario 1 was used and the fire compartment was on the second floor.  The 

results are typical tests using Scenarios 1 and 2.  The fire growth was very rapid with a peak 

temperature of approximately 900°C in the fire compartment 3 min after ignition.  The 

temperature started to increase at the top of the stairwell door within 2 min.  The temperature 

at the top of the door reached 250°C in 4-5 min and remained constant for the remainder of 

the test.  The temperatures at the lower portion of the door were reduced when the door was 

opened approximately 3 min after the test was started and subsequently with the opening of 

the exterior door at 8 min. 

 

The temperature and CO2 measured in the stair shaft (Floors 2, 4, 6, 8 and 10) are shown in 

Figures 4 and 5, respectively and are used to show smoke movement in the stair shaft.  The 

initial increase in the smoke parameters was a result of smoke flow through the leakage area 

between the corridor and the stair shaft.  Once the door to the stair shaft was opened at 3 min, 

the smoke accumulation between the second and third floor was very rapid with the CO2 

concentrations reaching 9% at 5 min.   

 

There was a substantial time lag in the smoke reaching other floors.  It required 

approximately 2 min after the stair shaft door was opened for the smoke to reach the sixth 

floor.  There was minimal smoke at the tenth floor prior to activation of the PPV system at 10 



min.  The rapid increase in temperature and CO2 concentrations at the end of the test was as a 

result of the operation of the positive pressure ventilation system.  

 

Bed Fire 

 

The results for a test with the mattress and box spring using Scenario 1 are shown in Figures 

6-8.  The test compartment was on the seventh floor and the results are typical of those using 

Scenarios 1 and 2. 

 

With the mattress fire, the fire development was much slower with the temperatures in the 

fire compartment reaching 200-250°C at 10 min after ignition (Figure 7).  This resulted in a 

continuous increase in temperature in the corridor on the fire floor.  The temperatures at the 

top of the door in the North corridor and the stairway door (Figure 8) were 180°C and 120°C, 

respectively at 10 min after ignition.  At both locations, the temperature at lower heights 

reduced with the operation of the PPV system.  However, there was an increase in the 

temperature near the ceiling.  This was likely due to a higher burning rate as a result of the 

increase in ventilation air to the fire compartment as shown by the rise of the temperature in 

the test compartment during the later stages of the test. 

 

The smoke parameters in the stair shaft are shown in Figures 7 and 8.  There was a 

continuous increase in the smoke at all levels throughout the test.  However, it required 

approximately 3 min after the stairwell door was opened before the smoke reached the tenth 

floor.  Also, the temperature increase on the tenth floor was significantly lower than on the 

fire floor (5°C versus 50°C).   

 

Summer versus Winter Tests 

 

The CO2 concentrations in stair shaft for a winter test with the exterior temperature at -20°C 

is shown in Figure 9 (an analyzer with a range of 0-4% was used on the sixth floor).  In 

comparison with the warm weather test using the same test scenario (Figure 5), there was a 

more rapid increase in CO2 concentration due to stack effect.  Also, with the winter test, there 

was an increase in temperatures in the fire compartment indicating improved ventilation.  

This resulted in a higher peak concentration of CO2 at the second floor (10.5% versus 9 %).   

 

Stair Shaft Tenability 

 

The sofa fire was a short duration (approximately 5 min) but very intense fire (Figure 2), 

which in an actual dwelling unit could have resulted in the ignition of other room contents.  

However, this limited fire did result in sufficient smoke accumulation in the stair shaft with 

smoke obscuration at the fourth floor reaching 0.8 OD/m (1-2 m visibility).  This exceeds 

normal tenability criteria, which range from 0.05-0.5 OD/m depending on the application [9, 

11].  The CO concentrations were limited to less than 0.01% which are significantly lower 

than the levels that would cause incapacitation with extended exposure (0.14-0.17% for 30 

minute exposures [11]). 

 

The bed fire was a slower growing fire, which reached its peak heat release rate at or shortly 

after the PPV venting was initiated.  However, the smoke accumulation on the eight and 

tenth floor had reached or exceeded tenability limits (0.4 and 0.1 OD/m, respectively).  As 

with the sofa fires, the CO concentration in the stair shaft was below levels, which could 



cause incapacitation with extended exposure (0.03% and 0.01% at the seventh and tenth 

floors, respectively). 

 

SMOKE MODEL 

 

For the test conditions investigated, the smoke propagation up the stair shaft was relatively 

slow with significant time lag in the smoke reaching the higher floors.  There was also 

considerable cooling of the smoke in the stair shaft (Figures 4 and 7).  These results are 

consistent with those obtained by He and Beck for tests using a propane burner fire [7].  As a 

result, in the initial stages of a fire, significant smoke accumulation and untenable conditions 

can occur in the stair shaft at the fire floor with the upper levels remaining relatively smoke 

free.  These observations are consistent with the conditions noted in real fire situations.   

 

As shown by He and Beck [7], it is unrealistic to model the smoke movement in the stair 

shaft using a simple two-zone model.  Preliminary efforts to model the smoke movement 

produced by the sofa fire has been carried out using the network model, CONTAM [12] and 

a multi-compartment zone model, FIERAsmoke [13].  Experimental CO2 production and 

temperatures on the fire floor and in the stair shaft were used as input to CONTAM.  The 

experimental heat release rate was used for FIERAsmoke.  The calculated CO2 

concentrations in the stair shaft are shown in Figure 10.  The results from the multi-

compartment model compare well with the experimental data (The measured concentration 

was lower for the eight floor than the calculated level.  However, there was problems with 

the analyzer used for this floor.)   

 

The network model, CONTAM, over predicts the CO2 concentrations.  Also, this model 

indicates a linear decrease in the CO2 concentrations with height compared with the more 

rapid decrease in concentration indicated by the experimental data.  However, the model 

predictions were conservative and, considering the ability to handle large complex buildings, 

it can be a useful tool. 

 

SUMMARY 

 

This paper discusses the results of the initial stage of full-scale fire tests with typical 

residential furniture (sofas and beds) during which the smoke from the fires was allowed to 

fill the egress routes in a ten-storey test facility.  The smoke movement in the egress routes 

was consistent for tests under similar conditions.  However, as would be expected, smoke 

accumulation and movement in the stair shaft was quicker during the tests conducted in the 

winter than in the summer.   

 

Shortly after ignition, the corridor on the fire floor was filled with smoke.  After the stair 

shaft door was opened on the fire floor, the portion of the stair shaft immediately above the 

fire floor was quickly filled with smoke.  However, the smoke movement up the stair shaft 

was relatively slow and there was considerable cooling of the smoke.  As a result, there was 

little or no indication of smoke in the upper portion of the stair shaft prior to the operation of 

the ventilation system 10 min after the fire was started. 

 

The smoke movement in the stair shaft cannot be modeled using a simple zone model.  

However, initial efforts using network and multi-compartment zone models indicated that 



such models could be used.  However, the network model does over predict the CO2 

concentrations and the smoke movement in the stair shaft.  
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Figure 1.  Test arrangement on the fire floor. 
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Figure 2.  Heat release rates for the sofa and bed. 



Time (min)

0 5 10 15 20 25

T
e
m

p
e

ra
tu

re
 (

°C
)

0

100

200

300

400

500

600

700

800

900

1000

Fire compartment Floor 2

Stair shaft door (75 mm below top of door)

Stair shaft door (482 mm below top of door)

Stair shaft door (914 mm below top of door)

Stair shaft door (1372 mm below top of door)

Stair shaft door (1702 mm below top of door)

Figure 3.  Temperatures on the fire floor for sofa test (Scenario 1 summer test). 
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Figure 4.  Temperature in the stair shaft for sofa test (Scenario 1 summer test). 
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Figure 5.  CO2 concentrations in the stair shaft for sofa test (Scenario 1 summer test). 
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Figure 6.  Temperatures on the fire floor for bed test (Scenario 1 summer test). 
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Figure 7.  Temperature in the stair shaft for bed test (Scenario 1 summer test). 
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Figure 8.  CO2 concentrations in the stair shaft for bed test (Scenario 1 summer test). 
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Figure 9.  CO2 concentrations in the stair shaft for sofa test (Scenario 1 winter test). 
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Figure 10.  Comparison of calculated CO2 concentrations with experimental results. 

 


